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Abstract—The transport critical current density c is one of the






highly dependent on the microstructural texturing of the super-
conducting phase. In order to improve the grain alignment of the
superconducting phase melt-processing in high magnetic fields is a
very effective method based on the anisotropy of magnetic suscep-
tibility. For Bi-based superconducting bulks and tapes, there have
been many studies using the in-field melt-processing and large
c
enhancements due to the texture improvement are observed. In this
study, we employed melt-processing in high magnetic fields for the
Ag/Bi2212 round wires, which are much superior to thin tapes in
fabricating superconducting magnets. Since the c properties of
Ag/Bi2212 are very sensitive to the maximum temperature of the
heat treatment, we performed the melt-processing under various
maximum processing temperatures. During the heat treatment, a
magnetic field of 0 T or 5 T was applied using a cryocooled super-
conducting magnet. For the wires heat-treated under a magnetic
field, small increase of the c values were observed. From the re-
sults of the detailed analysis of the properties, we found
that there are possible microstructural changes due to the in-field
process. It is suggested that the in-field heat-treatment is very effec-
tive for not only c enhancement but also the -value improvement
for Bi2212 conductors.
Index Terms—Bismuth compound, magnetic field effects, su-
perconducting filaments and wires, superconducting materials
growth.
I. INTRODUCTION
Ag sheathed (Bi2212) conductors show
splendid critical current properties up to high magnetic fields
at low temperature below 20 K. Moreover, to our knowledge,
Bi2212 is the only high- material that has been made as round
wire with high . Since round wire has significant advantages
over tapes, such as no anisotropy, ease of handling and coil
winding, Bi2212 round wire is one of the most promising
materials to enable a high field NMR magnet.
On the other hand, the properties of high- superconduc-
tors are highly dependent on the microstructural texturing of the
superconducting phase. Because of the highly anisotropy mag-
netic susceptibility of Bi2212, melt processing in high magnetic
field, which is known for its magnetic orientation effect, is a
powerful method to improve texturing, which known as a mag-
netic orientation effect and as a result greatly enhances the
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Fig. 1. Cross-sectional optical microscope image of Bi-2212 wire before heat-
treatment.
properties. For Bi2212, there are many studies using the mag-
netic orientation effect [1], [2]. However, most of these studies
use tape shaped conductors with large core thicknesses.
In this study, we performed in-field heat treatment of
Ag-sheathed Bi2212 multifilamentary round wires. From the
analysis of the characteristics, the effects of the in-field
heat treatment on the Bi2212 round wire were investigated.
II. EXPERIMENTAL
Practical multifilamentary Ag-sheathed Bi2212 round wires
were fabricated by a powder-in-tube method. The wire con-
tained 61 7 multifilaments, the outer diameter of the wire
was 0.81 mm and it had a 3.0/1.0 Ag matrix to Bi2212 ratio
as shown in Fig. 1. For the final heat treatment, the wire was cut
into short (3 cm) samples and the well-known partial-melting
and slow-cooling process as shown in Fig. 2 was employed. A
constant magnetic fields of or 5 T was applied per-
pendicular to the wires for the whole of the heat-treatment time
using a high field heat-treatment furnace combined with a 7 T
cryocooled superconducting magnet with a 220 mm room tem-
perature bore [3]. In order to check the reproducibility of the
process, several wires were heat treated at the same time. Since
the properties are very sensitive to the maximum temperature
of the heat-treatment, , we prepared many samples with
different condition. All heat treatments were carried out
in an atmosphere of flowing pure oxygen gas. The critical cur-
rent measurements at 4.2 K were performed by a conventional
1051-8223/$25.00 © 2007 IEEE
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Fig. 2. Heat-treatment schedule of the partial-melting and slow-cooling
process. T is defined as the maximum processing temperature in the
schedule.
Fig. 3. J properties as a function of the maximum processing temperature
T for multi-filamentary round wires heat-treated with and without a mag-
netic field.
four-probe method in magnetic fields up to 14 T. The was de-
termined with a 1 electric field criterion. Transport elec-
tric field versus current density properties in the current
range up to 100 A were measured by a four probe method under
various temperatures and magnetic fields. In order to reduce the
thermal effect (Joule heating) at the current contacts due to a
large transport current, we used the measurement system
using a pulsed current power supply [4]. The results were
analysed within the framework of the percolation model [5] and
distributions of the local , , were investigated.
III. RESULTS AND DISCUSSION
Fig. 3 shows the properties at 4.2 K and 10 T as a function
of for in-field and zero-field
heat-treated wires. The values of Bi2212 wires heat treated
at were zero for both of the in-field and zero-
field heat-treated wires because no melting of oxide filaments
occurred at this temperature. The values of in-field heat-
treated wires showed a broad peak around 902 and higher
values were obtained in comparison with those of zero-field
heat-treated wires. For the wires with higher ,
the values of in-field and zero-field wires are almost the same.
In order to investigate the effect of in-field heat treatments on
current transport properties, we performed detailed mea-
surements for Bi2212 round wires with . At
this , there are clear differences between in-field and
zero-field processes. The actual values were and
at 20 K and 10 T for in-field and zero-field
Fig. 4. E   J properties of practical Bi2212 multi-filamentary round wire as
a function of magnetic fields at 20 K. Solid lines are fitting results using the
percolation model.
heat-treated wire, respectively. Fig. 4 shows the proper-
ties for and at 20 K under various
magnetic fields. It is well known that high- materials show
complicated properties, and the shape of the vs.
plot changes from a concave to a convex shape with de-
creasing magnetic fields at constant temperature. In the figure,
we can clearly see such behavior.
According to the percolation theory, the local distribu-
tion plays an important role in describing properties
[5]. The distribution of the local was calculated assuming
a Weibull function. There are three parameters in
the Weibull function and these parameters , and rep-
resent the shape, width, and minimum value of the local dis-
tribution, respectively. In the present study, the value was
determined from the slope of the straight line segment of the
vs. plot at ; only and were fit-
ting parameters. It is considered that the is the percola-
tion transition field at which the minimum value of the local
distribution becomes zero. In Fig. 4, fitted results based on the
percolation model are also shown (solid lines). All fitting lines
show good agreement with the experimental properties in
a wide range of electric fields. Fig. 5 compares the local dis-
tributions at 20 K and for in-field and zero-field wires that
were heat treated to the same . The value of the in-field
heat-treated Bi2212 round wire was larger than that of zero-field
heat-treated one, i.e. for in-field heat treatment and
for zero-field one, respectively. From our previous
results on Bi2212 thick films and practical Ag-sheathed Bi2212
tapes, we found that the distributions of the local were not
much affected by the value but much more influenced by the
microstructure of the samples [6], [7]. Moreover, according to
the two directional distribution model, the differences of the
local distributions are best explained from the viewpoint of
the aspect ratio of Bi2212 grains [8]; a small aspect ratio of the
grains gives an increase in the value. Therefore, the larger
value of the in-field heat-treated wire is considered to result
from the smaller aspect ratios of grains for this wire and there is
the possibility of microstructural changes due to the in-field heat
treatments. Such microstructural changes by the in-field pro-
cesses have previously been reported for melt-growth processed
bulks [9], CVD-YBCO thin films [10]
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Fig. 5. Comparison of the local J distribution of practical Ag sheathed Bi2212
multi-filamentary round wires at 20 K and B = B .
and Bi2212 bulks [11]. In the case of the YBCO bulks, lowering
of the crystal growth rates were observed from high field DTA
analysis and attributed to the suppression of material diffusion
through the liquid phase by the Lorentz force [12]. Although the
crystal growth mechanism in high magnetic fields remains un-
clear, a similar decrease of crystal growth rate in a high magnetic
field would occur for Bi2212 produced by the partial-melting
and slow-cooling process. Since the crystal growth rates are in-
trinsically much smaller for the -direction than for the -di-
rection in Bi2212, reduction of the crystal growth rate would
lead to the decrease of the grain sizes and, hence reduction of
the aspect ratio of the grains.
These decreases of the grain size may be related to the higher
values for in-field processed Bi2212 wires as shown in Fig. 3.
In the case of the multifilamentary Bi2212 round wires, the in-
fluence of the magnetic orientation effects, which were remark-
able in tapes with large core thickness, should be small be-
cause of the small diameter of the filaments. Therefore, the
enhancement due to the magnetic orientation effect would be
small. Matsumoto et al. reported degradation due to the ex-
tensive outgrowth of filaments (namely, bridging) for multifila-
mentary Bi2212 round wires [13]. If the sizes of Bi2212 grains
were suppressed by the in-field process, the number of bridging
filaments would be also suppressed and this would enhance the
values. Moreover, such decreases in the incidence of bridging
by the in-field process would be also effective for reduction of
the AC losses of multifilamentary wires. Here, it is noted that
we have not directly observed the microstructures of our round
wires yet and all of above discussions about grain sizes are spec-
ulation according to the results of analysis. Microstruc-
tural studies using SEM imaging are now on progress and the
results will be published elsewhere.
According to the percolation model, the -value of
properties increases monotonically with the increase of the
-value of the Weibull function. Moreover, the -value is
sensitive to the aspect ratio of grains, i.e. the smaller aspect
ratios of grains give higher -values [7]. Therefore, larger
-values with smaller aspect ratios of grains achieve higher
-values. In fact, large enhancement of -values by in-field
process was observed for the Bi2212 round wires [13].
Only improvement of texturing due to the magnetic orien-
tation effect and enhancement were well known for Bi2212
conductors heat-treated in high magnetic fields so far. However,
we have found the possibility of not only enhancement but
also -value improvement by in-field heat treatment for multi-
filamentary Bi2212 round wires.
IV. SUMMARY
In the present study, we investigated the effects of in-field
heat-treatment for Bi2212 multifilamentary round wires. The
values of the in-field heat-treated wires were slightly higher than
those of the zero-field heat-treated wires. The properties
were evaluated based on the percolation theory. The -value,
which represents the shape of the local distribution, increased
by in-field heat treatment and this is considered to be related to
the grain size reduction. The -values of the properties
also increased. It is suggested that in-field heat treatment are
very effective for not only but also -value improvement for
Bi2212 conductors.
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